ABSTRACT
INTRODUCTION
Sepsis is defined as an excessive and irregular systemic inflammatory reaction syndrome (SIRS) against infection. [1] Bacterial lipopolysaccharide endotoxins activate macrophages, triggering the release of pro-inflammatory cytokines, and thus play a role in the development of systemic inflammatory response. One of the groups of mediators that are responsible for the inflammatory response is free oxygen radicals. Free oxygen radicals disrupt cell membranes by causing lipid peroxidation, inhibit ATP synthesis in the mitochondria, and cause oxidative damage to DNA and proteins. [2] Sepsis can also be defined as a harmful host response against infection. Despite aggressive surgical therapy, specific antibiotics, and other pharmacologic agents used, sepsis is the leading cause of mortality in intensive care units. [3] Curcumin, which is known as the Indian spice turmeric, is used as a spice that gives a yellow color to food. Curcumin is obtained from the yellow powder of Curcuma longa (Zingiberaceae), a tropical plant. [4] Curcumin has been widely used in Eastern populations, particularly as a traditional medicine in India and China, for the treatment of many diseases, including hepato-biliary, skin, rheumatoid, and gastrointestinal system diseases. [5] The protective features of curcumin, first and foremost its antioxidant and anti-inflammatory effects, have been shown in clinical and experimental studies.
In the present study, the antioxidant and anti-inflammatory effects of curcumin in reducing the damage caused by experimental sepsis in rats was investigated. The outcomes on clinical availability were discussed as well.
MATERIALS AND METHODS
The present experimental study was conducted in the Experimental Research and Animal Laboratory of Marmara University Faculty of Medicine after obtaining approval of the Local Ethics Committee. Both genders of Wistar albino rats, weighing between 200 and 250 g, were included in the study. The rats were kept in a temperature-controlled (22±1 °C) room with a 12:12h alternating light/dark cycle.
General anesthesia was induced with subcutaneous administration of ketamine HCl (50 mg/kg) and xylazine HCl (15 mg/kg).
The cecal ligation and perforation (CLP) model was used to induce sepsis. [10] After shaving abdominal hair, the abdomen was entered through a 3-cm incision. Following laparotomy, the cecum was isolated and filled with feces by milking stool back from the ascending colon. The cecum was then tightly ligated with 3-0 silk at its base, below the ileocecal valve; the anterior surface of the cecum was perforated twice with an 18-gauge needle, and the cecum was replaced into the abdomen after a small amount of feces was visualized. The abdomen was closed in two layers with 3-0 continuous silk sutures.
The animals were divided into 3 groups (n=8) according to the antioxidant and anti-inflammatory goals, as below.
Group 1 (control group): The rats underwent anesthesia and surgery, but not CLP.
Group 2 (sepsis group): Sepsis was induced by the CLP method.
Group 3 (sepsis + curcumin group): Sepsis was induced by the CLP method. The rats were given curcumin (200 mg/ kg) via the intraperitoneal route in two equal doses just after surgery and at the post-operative 12th hour.
All rats were sacrificed at the post-operative 24th hour. A 2-cc blood sample was obtained from the vena cava. Tissue samples were obtained from the liver and the kidney. Plasma tumor necrosis factor-alpha (TNF-a) and interleukin 1-beta (IL-1β) levels were measured. Hepatic and renal tissue malondialdehyde (MDA) and glutathione (GSH) levels, as well as myeloperoxidase (MPO) and Na + /K + -ATPase activities, were determined. The tissue samples were examined under a light microscope for histopathological changes, including interstitial inflammation and peri-hepatic and -nephritic necroses.
Biochemical Protocols

Serum analyses
Plasma TNF-a and IL-1β were quantified according to the manufacturer's instructions and guidelines using enzymelinked immunosorbent assay (ELISA) kits (Biosource International, Nivelles, Belgium). These kits were preferred because of the high degree of sensitivity, specificity, inter-and intra-assay precision, and the small amount of plasma sample required for conducting the assay.
Malondialdehyde and glutathione assays
Tissue samples from the liver and kidney were homogenized in ice-cold homogenization medium containing 150 mM KCl for determination of MDA and GSH levels. The MDA levels were assayed for products of lipid peroxidation. [11] The results were expressed as nmol MDA/g tissue. GSH was determined by the spectrophotometric method using Ellman's reagent. [12] The results were expressed as mmolGSH/g tissue. Serum MDA and GSH levels were measured by the same methods.
Myeloperoxidase activity
Tissue-associated MPO activity was measured using a procedure similar to the procedure documented by Hillegas et al. [13] Liver and kidney samples were homogenized in 50 mM potassium phosphate buffer (PB; pH 6.0) and centrifuged at 41,400 g for 10 min; the pellets were suspended in 50 mM PB containing 0.5% hexadecyltrimethylammonium bromide. After three freeze-thaw cycles, with sonication between cycles, the samples were centrifuged at 41,400 g for 10 min. Aliquots (0.3 mL) were added to 2.3 mL of reaction mixture containing 50 mM PB, o-dianisidine, and 20 mM H 2 O 2 solution. One unit of enzyme activity was defined as the amount of the MPO present that caused a change in absorbance measured at 460 nm for 3 min. MPO activity was expressed as U/g tissue.
Na
+ /K + -ATPase activity Measurement of Na + /K + -ATPase activity is based on the measurement of inorganic phosphate that is formed from 3 mM disodium adenosine triphosphate added to the medium during the incubation period. [14] The medium was incubated in a 37 °C water bath for 5 min with a mixture of 100 mM NaCl, 5 mM KCl, 6 mM MgCl 2 , 0.1 mM ethylenediaminetetraacetic acid, and 30 mM Tris HCl (pH 7.4). Following the pre-incubation period, Na 2 ATP at a final concentration of 3 mM was added to each tube and incubated at 37 °C for 30 min. After incubation, the tubes were placed in an ice bath and the reaction was stopped. Subsequently, the level of inorganic phosphate was determined using a spectrophotometer (Shimadzu, Japan) at an excitation wavelength of 690 nm.
Histopathological Examination
After the tissue samples were fixed in a 10% formaldehyde solution, they were washed with tap water for at least 3 h or overnight. The tissue samples were gradually dehydrated by passage through increasing concentrations of alcohol (15 min with 70% alcohol, 15 min with 90% alcohol, 30 min with 96% alcohol, 30 min with 100% alcohol [twice], and 30 min with 100% toluene [twice]). Thereafter, the tissue samples were submerged in paraffin for 1 night at 60 °C and embedded in paraffin blocks the next day. After the blocking process, 5-6 µm-thick sections were obtained from the tissue samples and placed on slides. The sections were kept in toluene for 2 h to remove the paraffin. Subsequently, the sections were gradually hydrated by passage through decreasing concentrations of alcohol (2 min with 100% alcohol, 2 min with 90% alcohol, and 2 min with 70% alcohol) and placed in distilled water. After staining with hematoxylin for 15 min, the sections were rinsed in tap water for 10 min for blueing. Following staining with eosin for 5 min and washing with distilled water, the sections were again gradually dehydrated by passage through increasing concentrations of alcohol (2 min with 70% alcohol, 2 min with 90% alcohol, 2 min with 96% alcohol, and 10 min with 100% alcohol). Subsequently, the sections were washed twice with toluene (the first wash lasted for 5 min and the second wash lasted for 10 min), then covered with Entellan. The sections were examined under a light microscope (Olympus BHX51; Tokyo, Japan).
Statistical Analysis
Statistical evaluation was performed with one-way analysis of variance (ANOVA) and Tukey's test. A p-value <0.05 was considered statistically significant. Comparison between the groups with respect to serum TNF-a and IL-1β, and hepatic and renal tissue GSH and MDA levels, as well as MPO and Na + /K + -ATPase activities were done using ANOVA; Tukey's test was used for pairwise comparisons.
RESULTS
Biochemical F indings
The serum TNF-a and IL-1β levels were significantly higher in group 2 compared to group 1 (p<0.001). In contrast, the TNF-a and IL-1β levels were significantly decreased in group 3 as compared to group 2 (p<0.001 and p<0.01, respectively) and approached the levels of group 1 (Table 1 and Figure 1 ).
Tissue GSH values were significantly lower in group 2 as compared to group 1 (p<0.01). Tissue GSH values were significantly increased in group 3 as compared to group 2 (p<0.05; Table 2 and Figure 2 were significantly higher in group 2 as compared to group 1 (p<0.01 and p<0.001, respectively). Compared to group 2, the tissue MDA values were significantly lower in group 3 (p<0.01; Table 2 and Figure 3 ).
Hepatic and renal tissue MPO activities were significantly higher in group 2 as compared to group 1 (p<0.001 and p<0.01, respectively). Compared to group 2, hepatic and renal tissue MPO activities were significantly decreased in group 3 (p<0.01 and p<0.05, respectively; Table 2 and Figure 4 ).
Hepatic and renal tissue Na + /K + -ATPase activities were significantly decreased in group 2 compared to group 1 (p<0.05 and p<0.01, respectively). Compared to group 2, the tissue Na + /K + -ATPase activities were significantly increased in group 3 (p<0.05 and p<0.01, respectively; Table 2 and Figure 5 ).
Histopathological Findings
Hepatocytes and sinusoids with regular morphology were observed in the hepatic parenchyma of the control group (Figure 6a) . Severe sinusoidal dilation and congestion, damaged hepatocytes with numerous cytoplasmic vacuoles, and activated Kupffer cells were observed in the sepsis group ( Figure  6b ). Mild sinusoidal dilation and congestion, and hepatocytes, the majority of which showed normal morphology, were observed in the sepsis group treated with curcumin ( Figure 6c ).
The renal cortex of the control group (Figure 7a ) had glomeruli and tubules with normal morphology. In the sepsis group (Figure 7b ), damaged glomeruli with disappearance of Bowman's space, severe dilatation of the tubular lumen, and impaired tubular structure were observed. Glomerular and tubular damage were significantly reduced in the sepsis group treated with curcumin ( Figure 7c ). protected, various pathologic changes that may lead to cell damage occur. [15] Although the underlying physiopathological mechanisms are quite complex in the septic response, advances in molecular biology have allowed understanding of the majority of the pathologic events in sepsis. Free oxygen radicals that are produced during sepsis cause tissue damage by causing damage to DNA, denaturing cellular proteins, and causing peroxidation of membrane lipids. [16] As the physiopathological mechanisms of sepsis have been elucidated, studies on the mechanism of action of mediators and cytokines that play a role in the process, as well as on the changes they cause in the body, have continued. As the understanding of the role of antioxidants increases, it is thought that antioxidant agents that are used to neutralize the effects of free oxygen radicals may have a role in the treatment of sepsis. [17] Curcumin, which is the active ingredient of turmeric (Curcuma longa) and has been used in the Indian medical tradition nearly for 4000 years, is a natural exogenous antioxidant. Curcumin inhibits lipid peroxidation and oxidative DNA damage, and reduces the release of arachidonic acid through lipoxygenase and cyclooxygenase inhibition. Moreover, curcumin shows an anti-inflammatory effect by inhibiting NFκB activation. Curcumin facilitates excretion of many oxygen radicals, particularly superoxide anion, nitrogen dioxide, and hydrogen radicals. [18, 19] Although it is difficult to create a supportive treatment environment similar to that applied in intensive care units in animal models, experimental models are of great importance in understanding the physiopathology of septic shock and finding new therapeutic approaches prior to clinical trials. The CLP model used in the present study creates a model similar to the clinical features of septic shock and resembles human sepsis, as the CLP model displays hypodynamic and hypometabolic phases following the hypermetabolic phase. [20] Therefore, it is the closest model to the clinical situation among sepsis models in rats. Unlike the other models (models created by injection of lipopolysaccharides or by intravenous or intraperitoneal infusion of live bacteria), the CLP model has advantages such as providing continuous intraperitoneal contamination without impairing the intestinal integrity, leading to a representation of septic shock in which numerous types of microorganisms are observed (polymicrobial), thus creating a model similar to clinical septic shock (perforated appendicitis, diverticulitis, and colon perforation). [21] Pathologic changes may occur in many organs in patients with sepsis. The most commonly affected organs are the lungs, liver, kidneys, heart, and intestines. [22] These pathologic changes include changes caused by bacterial invasion, direct effect of bacterial toxins and enzymes, mediator-mediated effects, impaired perfusion, and disseminated intravascular coagulation.
DISCUSSION
In the present study, hepatic and renal pathologic changes caused by oxidative damage occurred during experimentallyinduced sepsis in rats were biochemically and histologically evaluated. The effects of curcumin, of which strong antioxidant and anti-inflammatory effects are known, against this damage were also investigated.
The septic response of the organism comprises complex relationships between microbial signalling molecules, leukocytes, humoral mediators, and the vascular endothelium. Inflammatory cytokines strengthen and diversify the host response. TNF-a stimulates leukocytes and vascular endothelial cells to release other cytokines, express cell surface adhesion molecules and increase arachidonic acid turnover. Serum TNF-a levels are elevated during severe sepsis or septic shock. [23] Although TNF-a is the main mediator, it is only one of numerous cytokines that are involved in the septic process. For example, IL-1β, which has many TNF-a activities, plays a gradually increasing role in the progression of sepsis. TNF-a, IL-1β, IL-8, and other mediators show complementary effects with each other. In animal experiments, neutralizing one or several of these components can prevent the septic response. [24, 25] In the present study, serum TNF-a and IL-1β levels were higher in the sepsis group as compared to the control group (p<0.001). This increase was significantly decreased in the sepsis group treated with curcumin (p<0.001 and p<0.01, respectively). Curcumin decreased TNF-a and IL-1β levels by preventing inflammation.
There are several defense mechanisms against the toxic effects of free oxygen radicals. GSH is a natural antioxidant defense system. GSH is found in high concentrations in all cells and in epithelial surface fluid. GSH shows a protective effect by neutralizing free radicals and reactive oxygen intermediates. Furthermore, GSH also inactivates endogenous compounds such as prostaglandins and leukotrienes. [26, 27] Ahmida [28] demonstrated an elevation in GSH levels with curcumin therapy given against renal damage induced by vancomycin in rats. Similarly, the antioxidant effect of curcumin has also been shown in a gentamicin-induced renal injury model [29] and in aflatoxin-and paracetamol-induced hepatic injury models, [30, 31] and significant elevations were observed in tissue GSH levels. In the present study, hepatic and renal tissue GSH levels were lower in the sepsis group as compared to the control group (p<0.01). However, hepatic and renal tissue GSH levels were significantly increased in the sepsis group treated with curcumin as compared to the sepsis group (p<0.05).
MDA is one of the highly reactive metabolic products that are produced as the result of a series of reactions due to lipid peroxidation caused by the effect of free oxygen radicals on the tissues. [32] The levels of intracellular enzymes such as MDA, which are lipid peroxidation products, are elevated in sepsis and worsen tissue damage by denaturing proteins. MDA measurement is used as an indicator of lipid peroxidation. [33] In an acetaminophen-induced renal injury model in rats, Cekmen et al. [34] showed that renal tissue MDA levels were decreased with curcumin. Moreover, tissue MDA levels were also decreased with curcumin in a renal ischemia/ reperfusion model [35] and in a methotrexate-induced hepatic injury model. [6] In the present study, hepatic and renal tissue MDA levels were found to be significantly higher in the sepsis group as compared to the control group (p<0.01 and p<0.001, respectively). It was observed that MDA levels were significantly decreased in the sepsis group treated with curcumin as compared to the sepsis group (p<0.01).
Free oxygen radicals cause tissue damage directly and also lead to the accumulation of polymorphonuclear leukocytes (PMNLs) in damaged tissue. Neutrophils and monocytes express MPO. PMNLs, which migrate to the tissues after being activated, release enzymes such as MPO. Oxidation of these enzymes causes formation of toxic agents that can affect the microorganism in various ways and leads to cell death. This enzyme enhances both tissue damage and formation of radicals. [36] Tissue MPO levels have been reported to be decreased with curcumin therapy in ischemia/reperfusionand amiodarone-induced pulmonary fibrosis models. [37, 38] In the present study, hepatic and renal tissue MPO levels were significantly higher in the sepsis group as compared to the control group (p<0.001 and p<0.01, respectively). MPO levels were significantly decreased in the sepsis group treated with curcumin as compared to the sepsis group (p<0.01 and p<0.05, respectively).
The Na + /K + -ATPase enzyme helps to preserve cellular membrane potential and osmotic gradient and is necessary for cellular functions. The negative effects of free radicals on Na + /K + -ATPase enzyme are one of the most emphasized mechanisms that are considered to be responsible for impaired enzyme activity. It is known that transport proteins are quite susceptible to changes in reactive oxygen species. During sepsis, oxidative stress causes lipid peroxidation in erythrocyte membranes and alterations in membrane lipid composition. As a result of these alterations in erythrocyte membranes, Na + /K + -ATPase activity and membrane viscosity are decreased. [39] [40] [41] In the present study, hepatic and renal tissue Na + /K + -ATPase activities were lower in the sepsis group as compared to the control group (p<0.05 and p<0.01, respectively). However, hepatic and renal tissue Na + /K + -ATPase activities were significantly higher in the sepsis group treated with curcumin as compared to the sepsis group (p<0.05 and p<0.01, respectively).
In conclusion, the present study showed strong antioxidant and anti-inflammatory effects of curcumin against the tissue damage likely caused by free oxygen radicals and lipid peroxidation induced by experimental sepsis created in rats. We are of the opinion that further studies on this issue will show the benefits of curcumin in reducing or preventing the toxic effects of sepsis.
